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Dendrites of the same neuron usually avoid each
other. Some neurons also repel similar neurons
through dendrite-dendrite interaction to tile the
receptive field. Nonoverlapping coverage based on
such contact-dependent repulsion requires den-
drites to compete for limited space. Here we show
that Drosophila class IV dendritic arborization (da)
neurons, which tile the larval body wall, grow their
dendrites mainly in a 2D space on the extracellular
matrix (ECM) secreted by the epidermis. Removing
neuronal integrins or blocking epidermal laminin
production causes dendrites to grow into the epi-
dermis, suggesting that integrin-laminin interaction
attaches dendrites to the ECM. We further show
that some of the previously identified tiling mutants
fail to confine dendrites in a 2D plane. Expansion of
these mutant dendrites in three dimensions results
in overlap of dendritic fields. Moreover, overexpres-
sion of integrins in these mutant neurons effectively
reduces dendritic crossing and restores tiling,
revealing an additional mechanism for tiling.
INTRODUCTION
Precise sampling of sensory inputs from the environment is crit-
ical for the fitness and survival of animals. Biological systems
utilize a variety of strategies to determine the location and
strength of sensory inputs, including dendritic self-avoidance
and tiling for organizing receptive fields of neurons (Grueber
and Sagasti, 2010; Jan and Jan, 2010).
Self-avoidance, the phenomenon that dendrites of the same
neuron avoid to fasciculate or overlap with one another, ensures
maximal spreading of isoneuronal dendrites for better coverage
of the receptive field. In both vertebrates and invertebrates,64 Neuron 73, 64–78, January 12, 2012 ª2012 Elsevier Inc.contact-mediated self-repulsion is likely a common mechanism
underlying self-avoidance (Kramer and Stent, 1985; Sdrulla and
Linden, 2006; Sugimura et al., 2003). In Drosophila, Down
syndrome cell adhesion molecule (Dscam), a transmembrane
immunoglobin (Ig) protein with 38,016 possible isoforms through
alternative splicing, is required for self-avoidance in many
neurons (Hughes et al., 2007; Matthews et al., 2007; Soba
et al., 2007; Wang et al., 2002; Zhu et al., 2006). Dscammediates
repulsion through homophilic interactions between identical iso-
forms on dendritic membranes of the same neuron. Vertebrate
Dscam molecules, although lacking diverse alternative splicing,
also mediate self-avoidance in subsets of retina neurons (Fuerst
et al., 2009, 2008).
Dendritic tiling refers to partitioning of a receptive field by
neurons of the same functional group without overlap, thereby
ensuring complete but nonredundant coverage and unambig-
uous sampling of sensory inputs. Tiling has been observed in
many neuronal types in both invertebrates and vertebrates
(Grueber and Sagasti, 2010; Jan and Jan, 2010), and mutants
with defective tiling have been found in Drosophila and
C. elegans (Emoto et al., 2004, 2006; Gallegos and Bargmann,
2004; Koike-Kumagai et al., 2009).Drosophila dendritic arboriza-
tion (da) neurons, sensory neurons of the peripheral nervous
system (PNS), spread dendritic arbors over the larval body wall
(Grueber et al., 2002). Four classes of da neurons (I–IV) display
increasing complexities of dendritic patterns (Grueber et al.,
2002). Whereas all four classes of da neurons show self-avoid-
ance, only class III and class IV display dendritic tiling (Grueber
et al., 2003). Two types of experiments implicate homotypic
repulsion between dendrites of the same class of neurons (het-
eroneuronal dendrites) in establishing tiling. First, when a class
IV da neuron is ablated during embryonic stages, dendrites of
neighboring class IV da neurons will grow into its territory
(Grueber et al., 2003; Parrish et al., 2009; Sugimura et al.,
2003). Second, duplication of class IV da neurons causes divi-
sion of receptive fields with very little overlap between dendrites
of the duplicated neurons (Grueber et al., 2003). Genetic anal-
yses have revealed an intracellular signaling pathway important
for tiling among class IV da neurons, which is composed of the
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nered (Trc), and a Trc activator, Furry (Fry) (Emoto et al., 2004,
2006). In trc and fry mutants, dendrites of adjacent class IV da
neurons cross one another and thus have overlapping dendritic
fields (Emoto et al., 2004). Interestingly, trc and fry mutants also
display extensive isoneuronal dendritic crossing of class IV da
neurons. Time-lapse analyses in fry mutants showed that
a much smaller percentage of dendrites display avoidance
behaviors than in the wild-type, leading to the hypothesis that
fry and trc directly regulate homotypic repulsion (Emoto et al.,
2004). In addition, Target of rapamycin (Tor), SAPK-interacting
protein 1 (Sin1), and rapamycin-insensitive companion of Tor
(rictor), three components of TOR complex 2 (TORC2), act in
the same pathway by phosphorylating and activating Trc
(Koike-Kumagai et al., 2009).
Neuron-substrate interactions are important for neuronal
development and function. Neuronal substrates typically derive
from secreted molecules in the extracellular matrix (ECM). The
ECM not only serves as an adhesive substrate permitting neu-
rite outgrowth (Kapfhammer and Schwab, 1992), it also hosts
guidance cues important for axon pathfinding (Nakamoto
et al., 2004). A major class of cell membrane receptors for
ECM are integrins, which anchor to the actin cytoskeleton
through cytosolic signaling and adaptor proteins, providing a
linkage between the local ECM milieu and intracellular signaling
events (Cabodi et al., 2010). In vivo studies have shown that
integrins play pivotal roles in many aspects of neural develop-
ment, such as axon guidance, neuronal migration, neurite
growth, arborization, and maintenance (Denda and Reichardt,
2007). In Drosophila, integrins are known to regulate axon guid-
ance and synaptic plasticity (Grotewiel et al., 1998; Stevens and
Jacobs, 2002), but their role in patterning dendritic fields is
largely unexplored.
Class IV da neuron dendrites innervate the larval body wall by
attaching to the epidermis. Self-avoidance and tiling together
ensure even spreading of the dendrites. In theory, contact-
dependent repulsion requires dendrites to be restricted within
a 2D space. Even though the receptive field of class IV da
neurons, the larval epidermis, appears to be a 2D sheet, it is
unclear whether the dendrites are indeed distributed within
a 2D space. Specifically, how dendrites are positioned relative
to epidermal cells is unknown. By using high-resolution confocal
imaging, here we show that most dendrites of class IV da
neurons are indeed distributed in a 2D space between the
epidermal basal surface and the ECM. We further show that
aPS1 and bPS integrins are cell-autonomously required in
neurons for dendrites to attach to the ECM. Laminins secreted
by the epidermis likely serve as ligands for integrins in the
dendrite-ECM interaction. Unexpectedly, mutants of the
TORC2/Trc pathway exhibit impaired dendrite attachment to
the ECM: while dendrites attached to the ECM avoid one
another, numerous dendrites detach from the ECM so as to
cross other dendrites not confined to the same 2D space. More-
over, forced attachment of dendrites to the ECM by integrin
overexpression in these tiling mutants rescued both isoneuronal
and heteroneuronal dendritic crossing defects. Our results
demonstrate the importance of 2D distribution in the tiling of
class IV da neurons and reveal that the TORC2/Trc pathwayplays a major role in ensuring tiling by confining dendrites to
a 2D space rather than by mediating homotypic repulsion.
RESULTS
Class IV da Dendrites Are Mainly Distributed
within a 2D Plane
The Drosophila larval body wall is evenly covered by class IV da
dendrites (Figure 1A). To understand how dendrites and
epidermal cells are arranged relative to one another in a 3D
space, we simultaneously imaged class IV da dendrites and
the ECM of the epidermis in live third instar larvae by labeling
dendrites with an improved class IV-specific membrane marker
ppk-CD4-tdTom (Han et al., 2011; see Experimental Procedures)
and the ECM with viking-GFP (vkg-GFP). Since the epidermis is
comprised of a thin layer of epithelial cells, a detailed cross-
section view of the epidermis requires 3D reconstruction of an
image stack with a high resolution on the z axis (i.e., the
apical-basal axis of epidermal cells, Figure 1B). To maximize
the resolving power on the z axis, we adopted a high-resolution
confocal imaging protocol combined with deconvolution (see
Experimental Procedures), which greatly improves the visualiza-
tion of the spatial relationship between dendrites and the ECM.
Each abdominal hemisegment of theDrosophila larva contains
three class IV da neurons, the dorsal ddaC, the ventro-lateral
v0ada, and the ventral vdaB (Figure 1A). We examined the
dendrite positioning of all three neurons along the z axis. Most
of the dendrites were found to directly contact the ECM (green
dendrites in Figures 1C0, 1D0, and 1E0; also see Movie S1 avail-
able online), while a small percentage of dendrites are detached
from the ECM in the apical direction (magenta dendrites in
Figures 1C0, 1D0, and 1E0). Since epidermal cells are located
immediately apical to the ECM (Figure 1B), the dendrites
detached from the ECM are enclosed within the epidermal layer
(referred to as enclosed dendrites hereafter). We noticed several
characteristics of these enclosed dendrites. First, they can be
either segments in the middle of stabilized branches (small panel
1 in Figures 1C0, 1D0, and 1E0), or parts of terminal dendrites
(small panel 2 in Figures 1C0, 1D0, and 1E0). Second, the enclosed
dendrites may appear to cross other branches attached to the
ECM in z axis projections, even though the overlapping dendrites
are located at different depths in the epidermis and are not in
direct contact (small panel 3 in Figures 1C0, 1D0, 1E0, and Figures
1F–1F00). We call this type of dendritic overlap noncontacting
crossing. Third, the three class IV da neurons display different
levels of dendrite enclosure in the epidermis, with ddaC showing
the least and vdaB the most. Fourth, most of the enclosed
dendrites are in the medial-lateral (or dorsal-ventral) orientation.
With the exception of the enclosed dendrites, most class IV da
dendrites are thus located in a 2D sheet at the interface of the
epidermal basal surface and the ECM.
DistinctMechanismsContribute to Epidermal Enclosing
of Dendrites
We then performed time-lapse analyses of how epidermal cells
enclose dendrites by imaging the ventral dendritic field of the
same ddaC neurons at 72 hr after egg laying (AEL) (Figure 2A)
and 84 hr AEL (Figure 2B) and comparing the distribution ofNeuron 73, 64–78, January 12, 2012 ª2012 Elsevier Inc. 65
Figure 1. Positioning of Class IV da
Dendrites Relative to the ECM
(A) A second instar larva showing class IV da
neurons that completely and nonredundantly
cover the entire body wall with dendritic arbors.
The somas of the class IV da neurons in abdominal
segment 3 (A3) are boxed. Scale bar represents
100 mm.
(B) Diagram of a cross section of the epidermis,
showing relative positions of the cuticle, an
epidermal cell, the ECM, and a terminal dendrite of
a class IV da neuron. The tip of the terminal
dendrite is depicted to extend into the epidermal
cell.
(C–E0) Dendritic fields of ddaC (C and C0), v0ada
(D and D0), and vdaB (E and E0) labeled by
ppk-CD4-tdTom. Live images of the neurons are
inverted to show the dendritic patterns in (C), (D),
and (E). The dendritic arbors attached to ECM
(green) and those enclosed in the epidermal layer
(magenta) are shown in (C0), (D0), and (E0 ). Three
representative regions from each dendritic field
are selected (boxed with broken outlines) to show
enclosed dendrites that are within primary
branches (1), are parts of terminal branches (2), or
form crossings with other dendrites attached to
the ECM (3). High magnification views of the
selected regions are in small panels on the right,
with both projections on the z axis (upper panels)
and cross sections along the blue lines (lower
panels). Scale bars represent 50 mm in (C), (D), and
(E), or 5 mm in small panels.
(F–F00) A 2D view (F) and 3D renderings (F0 and F00)
of two crossing dendrites that are not in direct
contact. The dendrites attached to the ECM are in
green and the enclosed dendrites are in magenta.
The surface rendering of the ECM (F00) is in blue.
Part of the dendrites appear to be inside of
the ECM due to the resolution limit of confocal
microscopy. Scale bar represents 10 mm. See also
Movie S1.
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emerge in three different ways. First, stabilized branches initially
attached to the ECM can subsequently become enclosed
(arrowheads). Second, an enclosed dendrite tip can continue
to grow within the epidermal layer (arrows). Third, a dendrite
tip that was attached to the ECM can extend a new segment
into the epidermal layer (open arrowheads).
How do existing and new dendrites grow into the epidermal
layer? The first scenario can result from the basal plasma
membrane of epidermal cells wrapping around an existing
dendritic branch. The second and third scenarios indicate that
dendrite tips can grow inside the epidermal layer either by ‘‘bur-
rowing a tunnel’’ or by pushing through spaces between cells. To
test these hypotheses, we further examined the spatial relation-
ship of class IV da dendrites and the epidermis by transmission66 Neuron 73, 64–78, January 12, 2012 ª2012 Elsevier Inc.electron microscopy (TEM). In order
to unequivocally identify the neuronal
structures of interest, we used two pre-
embedding staining strategies to specifi-cally label the dendrites of class IV da neurons. The first strategy
involved antibody staining against RFP in ppk-CD4-tdTom
animals, with subsequent HRP-conjugated secondary antibody
labeling. The second strategy was to express a membrane-teth-
ered HRP transgene, UAS-HRP-DsRed-GPI, in class IV da
neurons with an improved ppk-Gal4 that has higher and more
specific expression (see Experimental Procedures). In both
cases, the HRP reaction product Diaminobenzidine (DAB) can
be detected by TEM (Larsen et al., 2003). Our TEM analysis re-
vealed that, whereas most dendrites are located underneath
the basal surface of epidermal cells and are in direct contact
with the ECM (Figures 2D–2F), there are three types of dendrite
enclosure in the epidermal layer. First, we observed thick en-
closed dendrites connected to the ECM through a channel
formed by opposing epidermal cell membranes (Figure 2G),
Figure 2. Dynamics and TEMAnalysis of En-
closed Dendrites
(A and B) A ventral ddaC dendritic field imaged at
72 hr AEL (A) and 84 hr AEL (B), with dendrites
attached to the ECM in green and enclosed
dendrites in magenta. The arrowheads point to
a segment of primary dendrite that became en-
closed during the 12 hr period. The open arrow-
heads point to a terminal branch that extended
a new segment into the epidermal cell layer. The
arrows point to an enclosed terminal branch that
continued to grow in the epidermal cell layer. Scale
bars represent 30 mm.
(C) Quantitative analysis of terminal dendrites that
were enclosed (open bars) or at the basal surface
of epidermal cells (filled bars) at both time points,
showing the change of terminal dendrites over the
12 hr period. Rerouted denotes dendrites that
changed direction after retraction.
(D–J) TEM images showing class IV da dendrites in
cross sections of the larval body wall. Dendrites
labeled by the dark DAB staining are either
attached to the ECM (D–F) or enclosed in the
epidermal cell layer (G–J). The arrow in (G) points
to the channel formed by the basal cell membrane
of the epidermal cell. The arrows in (H) point to
the junction of two neighboring epidermal cells.
The arrowheads in (I) and (J) point to the dendrites
that are completely wrapped in the middle of
epidermal cytoplasm. Scale bars represent
500 nm.
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basal surface. Second, some dendrites are located between
cell junctions of neighboring epidermal cells (Figure 2H), con-
firming that dendrites can indeed grow between epidermal cells.
Interestingly, in the third scenario, some dendrites are com-
pletely wrapped by the epidermal cell membrane inside the
epidermis (Figures 2I and 2J), indicating that dendrites can
also grow by burrowing into epidermal cells.
The observation of enclosed dendrite tips prompted us to ask
whether epidermal cells pose a barrier for the growth of enclosed
dendrite tips, which may explain the low frequency of dendrite
enclosure. We therefore tracked the change of dendrite tips
over 12 hr and compared the initially enclosed terminal dendrites
to those attached to the ECM (Figure 2C), to see whether the
enclosed dendrite tips are more likely to retract or remain
stationary. Surprisingly, we found that more than half of the en-
closed dendrite tips (61%, n = 61) extended from the initial loca-
tions, while only 17% of the dendrite tips at the basal surface
(n = 187) extended along the original direction, suggesting that
the preferred positioning of dendrites at the basal surface of
epidermal cells cannot be accounted for by a growth disadvan-
tage within the epidermis.
Integrin Loss-of-Function Leads to Increased Epidermal
Enclosing and Dendritic Crossings
The restricted distribution of dendrites at the basal surface of the
epidermis could be due to specific molecular mechanisms
promoting the attachment of dendrites to the ECM. Integrins,
the major class of cell surface receptors mediating cell-ECMinteraction (Barczyk et al., 2010), are likely candidates. In
Drosophila, there are five integrin a subunits (a1–5), encoded by
multiple edematous wings (mew), inflated (if), scab (scb), aPS4,
and aPS5, as well as two integrin b subunits encoded by
myospheroid (mys) and bn integrin (bInt-n) (Brower, 2003). To
test if neuronal integrins are required for dendrite-ECM interac-
tion, we first examined the cell-autonomous effects of null muta-
tions of integrin genesmys,mew, if, and scb by mosaic analysis
with a repressible cellmarker (MARCM) (LeeandLuo, 1999). Loss
of integrin in class IV daneurons did not appear to affect the gross
branching patterns or the total dendritic length (data not shown).
However, clones ofmys1 ormewM6 class IV da neurons showed
a significant increase in dendritic crossings (Figures 3B and 3C).
We asked whether these crossings involve direct dendro-
dendritic contacts by employing high-resolution imaging on the
z axis. Since the three class IV da neurons showdifferent degrees
of dendrite enclosure and isoneuronal dendritic crossing (Fig-
ure 1), we focused only on the dendritic crossing of ddaC. Most
of the dendritic crossings in mys (88.14%) and mew (86.97%)
mutant neurons turned out to be noncontacting (Figure 3E). As
we could not distinguish contacting dendrites from noncontact-
ing ones that are very close to each other (less than 550 nm apart
on the Z axis) due to the diffraction-limited resolution of conven-
tional confocal microscopy, the percentage of noncontacting
crossing is likely higher than what we observed. These data
suggest that loss of integrins contributes to noncontacting
dendritic crossing, possibly by a loss of dendrite-ECM adhesion.
To assess the role of integrins in dendrite-ECM interaction, we
used UAS/Gal4-based RNA interference (RNAi) to knock downNeuron 73, 64–78, January 12, 2012 ª2012 Elsevier Inc. 67
Figure 3. Integrin LOF Leads to Increased Epidermal
Enclosing and Dendritic Crossings
(A–C) Dendritic patterns of wild-type (A),mys1 (B), andmewM6
(C) ddaC neurons generated with MARCM. Some dendritic
crossings in (B) and (C) are indicated by blue arrows. Scale
bars represent 100 mm.
(D–E) Quantification of crossing points in wild-type, mys1 and
mewM6 mutant neurons. (D) Number of crossing points
normalized to total dendritic length. (E) Percentages of con-
tacting (open bars) and noncontacting (filled bars) dendritic
crossings.
(F–H) Epidermal enclosing of dendrites at the dorsal midline
of a control ddaC neuron (F), and neurons that express
UAS-mys-RNAi (G) orUAS-mew-RNAi (H). See also Movie S2.
(I) Quantification of enclosed dendrites in control and RNAi
animals.
(J–M) Epidermal enclosing of ddaC dendrites at the dorsal
midline in wild-type (J), mys1 hemizygote (K), mewM6 hemi-
zygote (L), and mys1/mewM6 transheterozygote animals (M).
(N) Quantification of enclosed dendrites in wild-type, hetero-
zygous, and transheterozygous integrin mutant animals. The
dendrites attached to the ECM are in green and enclosed
dendrites are in magenta (F–H) and (J–M). Scale bars repre-
sent 30 mm (F–H) and (J–M). Error bars represent standard
deviations (D, I, and N). ***p < 0.001; ns, not significant; one-
way analysis of variance and Dunnett’s test.
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Figure 4. Integrin Overexpression Forces
Dendrites to Grow on the ECM
(A and B) Epidermal enclosing of dendrites at the
ventral midline, showing dendrites of wild-type
vdaB neurons (A) and vdaB neurons expressing
both UAS-mys and UAS-mew driven by ppk-Gal4
(B). The dendrites attached to ECM are in green
and enclosed dendrites are in magenta. The dark
blue arrows point to noncontacting dendritic
crossings. Scale bars represent 10 mm.
(C) Quantification of enclosed dendrites in wild-
type and integrin-overexpressing animals. Error
bars represent SD. ***p < 0.001, Student’s t test.
(D–E00) Immunostaining of Mys (D–D00) and Mew
(E–E00) in animals expressing both UAS-mys and
UAS-mew driven by ppk-Gal4. The light blue
arrows (D–D00) point to Mys staining on the
dendrites. Scale bars represent 10 mm. See also
Figure S1.
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in the wing causes severe wing blister (data not shown), a hall-
mark of defective integrin signaling (Brower, 2003). We
knocked-down mys and mew in da neurons with Gal421-7
(Song et al., 2007) and examined the spatial relationship of class
IV da dendrites and the ECM in third instar larvae. The ddaC
dendrites at the dorsal midline are usually attached to the
ECM, with only 1.75% of dendritic length enclosed in the
epidermis (Figure 3J). In RNAi control neurons with only UAS-
Dicer-2 (UAS-Dcr-2) expression (Dietzl et al., 2007), the enclosed
dendritic length is increased to 5.69% (Figure 3F). In contrast,
with mys or mew knockdown, the enclosed dendritic length is
increased to 24.33% or 28.32%, respectively (Figures 3G, 3H,
3I, and Movie S2), suggesting that defective positioning of
dendrites is the underlying cause of the increased noncontacting
dendritic crossings.
Integrins function by forming heterodimers of a and b subunits.
If integrin a subunit Mew and b subunit Mys regulate dendrite
positioning by forming a functional dimer, mutant alleles of
mew and mys may genetically interact with each other. Indeed,
in transheterozygotes ofmys1 andmewM6, the percentage of en-
closed dendrites is increased to 22.62%, compared to 4.09% in
mys1/+ and 4.18% in mewM6/+ (Figures 3K–3N).
Collectively, these data show that integrin genesmew andmys
are important for attaching the class IV da dendrites to the ECM
and thus for nonoverlapping coverage of dendritic fields.Neuron 73, 64–7Overexpression of Integrins in
Class IV da Neurons Eliminates
Dendrite Enclosure
Since removal of mys and mew from
class IV da neurons causes detachment
of dendrites from the ECM, we tested if
supplying more integrins in the dendrites
promotes attachment to the ECM, by
expressing UAS-mys and UAS-mew,
individually or in combination, in class
IV da neurons. Overexpression of Mys,but not Mew, in class IV da neurons causes significant dendritic
reduction (Figures S1A and S1B). Expressing Mys and Mew
simultaneously largely rescues the dendritic reduction associ-
ated with Mys overexpression (Figure S1C). Because Mys
and Mew function as heterodimers and the balance of their
dosages is likely important, we further analyzed the animals
in which both Mys and Mew are overexpressed in class IV da
neurons. At the ventral midline, the percentage of enclosed
dendrites of vdaB is 8.43% (Figures 4A and 4C) in the wild-
type control. In contrast, Mys and Mew coexpression in vdaB
completely eliminated the dendrite enclosure and associated
noncontacting dendritic crossing (Figures 4B and 4C), suggest-
ing that Mys and Mew mediate the attachment of dendrites to
the ECM.
Since studies of loss or gain of integrin function implicate
Mys and Mew activity in dendrites, including terminal branches,
we asked whether Mys and Mew are localized on class IV da
dendrites. Unfortunately, the high levels of epidermal expres-
sion of Mys and Mew at the basal surface (Figures S1D–
S1E00) render it difficult to distinguish Mys and Mew on
dendrites. In neurons overexpressing both Mys and Mew,
however, Mys was localized in small patches along the
dendrites (Figures 4D–4D00), while Mew was enriched in patches
but also present at lower levels uniformly on the dendrites
(Figures 4E–4E00). Thus, Mys and Mew can be efficiently deliv-
ered to dendrites.8, January 12, 2012 ª2012 Elsevier Inc. 69
Figure 5. Epidermis-Derived Laminins Mediate the Attachment of Dendrites to the ECM
(A and B) Enclosure of ddaC dendrites in hh-expressing epidermal cells in a control animal (A) and an animal expressing hh-Gal4 UAS-wb-RNAi(B). Scale bars
represent 20 mm. See also Figure S2 and Movies S3 and S4.
(C) Quantification of enclosed dendrites in wild-type and wb knock-down animals. Error bars represent SD. ***p < 0.001, Student’s t test.
(D–I) Epidermal enclosing of ddaC dendrites at the dorsal midline in transheterozygous mutants of integrin and laminin genes. Scale bars represent 30 mm.
(J) Quantification of enclosed dendrites in hemizygous integrin mutants and transheterozygous mutants of integrin and laminin genes. Error bars represent SD.
*p < 0.05, **p < 0.01, ***p < 0.001, one-way analysis of variance and Dunnett’s test. In all images of dendritic fields, dendrites attached to the ECM are in green and
enclosed dendrites are in magenta.
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Mediating Integrin-RegulatedDendrite-ECM Interaction
Integrins are cell-surface receptors of ligands residing in the
ECM, including collagen, fibronectin, laminin, tenascin, and vi-
tronectin (Humphries et al., 2006). The binding specificity of
the integrin heterodimer is largely determined by the a subunit
(Barczyk et al., 2010). As the a1 subunit Mew belongs to the lam-
inin-binding type a family (Hynes and Zhao, 2000), we tested the
role of laminins, which are protein complexes formed by three
subunits (Durbeej, 2010). In Drosophila, wing blister (wb), and
Laminin A (LanA) encode two a subunits, whereas LanB1 and
LanB2 code for the b and g subunits, respectively. Since null
mutations in laminin genes cause lethality at embryonic or early
larval stages, we first sought to use the RNAi strategy to knock
down laminins. Expression of a UAS-wb-RNAi construct in the
wing caused wing blisters, mimicking the wb loss-of-function
(LOF) phenotype, whereas the available UAS-LanA-RNAi did
not yield obvious wing phenotypes (data not shown). We there-
fore only testedwbRNAi, which did not generate obvious pheno-
type when expressed in class IV da neurons (data not shown).
Since the basal surface of the larval epidermis contacts no other70 Neuron 73, 64–78, January 12, 2012 ª2012 Elsevier Inc.tissues except at the muscle attachment sites, the epidermis is
likely the major source of laminins in the ECM. When we drove
the expression of UAS-wb-RNAi in posterior epidermal cells of
every segment with hh-Gal4, 21.36% of dendrites were found
to be enclosed by the epidermis (Figures 5B and 5C), compared
to just 1.92% in the control (Figures 5A and 5C). The defective
positioning of dendrites is unlikely a result of altered epithelial
polarity of epidermal cells, as the localization of several cell
polarity markers are normal in cells where wb is knocked down
(Figure S2), suggesting that wb is important for dendrite attach-
ment to the ECM.
We next asked if laminin mutants genetically interact with
mys and mew. Transheterozygotes of mys1/wb09437 and mys1/
LanA9-32 showed mild but statistically significant increase in
dendrite enclosure at the dorsal midline (Figures 5D, 5E, and
5J) compared to mys1/+. Likewise, mewM6/wb09437 and
mewM6/LanA9-32 showed similar enhancement (Figures 5G,
5H, and 5J) compared to mewM6/+. In addition, a hypomorphic
allele of LanB2, LanB2MB04039, showed mild genetic interactions
withmys1 andmewM6 (Figures 5F, 5I, and 5J). The weak genetic
interactions between integrin mutants and laminin mutants may
Figure 6. Tiling Mutants Show Increased Dendrite Enclosure in the
Epidermis
(A–D) Enclosure of ddaC dendrites in the epidermis at the dorsal midline in fry1/
fry6 (A), trc1/Df(3L)BSC445 (B), Sin1e03756 (C), and Dscam21/DscamB17-1 (D)
mutant larvae. The dendrites attached to the ECM are in green and enclosed
dendrites are in magenta. Scale bars represent 30 mm. Blue arrowheads in
(A–C) point to noncontacting crossings. Arrows in (D) point to crossings formed
by contacting dendrites attached to the ECM.
(E) Quantification of enclosed dendrites in fry, trc, Sin1, and Dscam mutants.
Error bars represent SD. **p < 0.01, ***p < 0.001, one-way analysis of variance
and Dunnett’s test compared to the wild-type. See also Figure S3 and
Movie S5.
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even with only one functional copy.
Taken together, our data support the idea that laminins are the
ECM ligands of neuronal integrins in the dendrite-ECM
interaction.
The Tiling Mutants fry, trc, and Sin1 Show Increased
Dendrite Enclosure in the Epidermis
Enclosed dendrites have a higher frequency of noncontacting
crossing with other dendrites, as exemplified by the integrin
LOF phenotypes. Previous studies of tiling mutants that exhibit
increased isoneuronal and heteroneuronal dendritic crossings
employed methods with insufficient resolution on the z axis
and could not distinguish contacting and noncontacting
dendritic crossings (Emoto et al., 2004; Koike-Kumagai et al.,
2009). We therefore reexamined the nature of the dendritic
crossings in those tiling mutants by first asking whether the
dendrites are properly positioned on the body wall in LOF
mutants of fry, trc, and Sin1. Drastic increases of enclosed
dendrites were seen at the dorsal midline of fry1/fry6 and trc1/
Df(3L)BSC445 mutants (Figures 6A, 6B, and 6E). Sin1e03756
mutant larvae also showed a weak yet significant increase of en-
closed dendrites (Figures 6C and 6E). Interestingly, most of the
dendritic crossings in these mutants are between enclosed
dendrites and dendrites attached to the ECM and thus are non-
contacting crossings, a result likely caused by enclosure of
dendrites in the epidermis. Consistent with the previous report
that fry and trc act cell-autonomously in regulating tiling (Emoto
et al., 2004), MARCM clones of class IV da neuronsmutant for fry
or trc show significant increases in enclosed dendrites and the
number of noncontacting crossings (Figure S3).
Increased Dendritic Crossing Caused by Loss of Dscam
Is Unrelated to Epidermal Enclosing of Dendrites
Self-avoidance is required for preventing isoneuronal dendritic
crossing. In Dscam mutants, dendrites of da neurons form
bundles and cross one another (Hughes et al., 2007; Matthews
et al., 2007; Soba et al., 2007). Although we observed a mild
increase of enclosed dendrites in Dscam mutants at the dorsal
midline (Figures 6D and 6E), most of the dendritic crossings in
Dscam mutants (89.1%, n = 303) were between contacting
dendrites attached to the ECM (arrows in Figure 6D), indicating
that lack of repulsion is the primary cause of dendritic crossings
in Dscam mutants, as suggested by previous studies (Hughes
et al., 2007; Matthews et al., 2007; Soba et al., 2007). We noticed
that dendrites of Dscam mutant neurons are more convoluted
and the enclosed dendrite segments aremore often in themiddle
of stabilized dendritic branches, indicating that loss of Dscam
function may change the stiffness or the tendency of dendrites
to curve and indirectly cause more enclosure.
Dendrites of fryMutant Animals Exhibit Normal
Homotypic Repulsion
Previous time-lapse analyses comparing dendrite distribution
over a 16 hr period showed that a much higher percentage of
dendrite branches can cross sister dendrites in fry mutants
compared to the wild-type, even though turning of dendrites is
also present in fry mutants at a lower frequency. This led to thehypothesis fry is required for homotypic repulsion of dendrites
(Emoto et al., 2004). To further analyze dendrite interactions
with dendrite enclosure taken into account, we conducted
short-term time-lapse imaging in 3D in fry1 homozygous mutant
animals. Approaching dendrites were found to exhibit distinct
behaviors depending on whether they are located on the same
plane. When two approaching dendrites are both attached to
the ECM, they either retract (Figure 7A) or alter the direction ofNeuron 73, 64–78, January 12, 2012 ª2012 Elsevier Inc. 71
Figure 7. Class IV da Dendrites Show Normal Avoidance Behaviors in fry Mutants
(A–C) Time-lapse imaging of class IV da dendrites in fry1mutant animals. These images show the retraction of two approaching dendrites that are both attached to
the ECM (A), turning of an extending arbor when coming in close proximity to another branch, with both branches attached to the ECM (B), and passing of an
enclosed terminal branch over another dendrite attached to the ECM (C). The time points relative to the first frame in each series are indicated. Scale bars
represent 5 mm.
(D) Quantification of behaviors of approaching dendrites in wild-type and fry1 mutant animals. The dendrite pairs were classified as ‘‘both attached to the ECM’’
(2D) or ‘‘located on different focal planes’’ (3D). In each group, the dendrites either avoid each other (Turn/Retract) or continue extending to form crossing (Cross).
(E–F0 ) Dorsal midline of a wild-type (E and E0) and a fry1 (F and F0) larvae imaged at 72 hr and 96 hr AEL. Contacting crossings (black arrows) and noncontacting
crossings (blue arrowheads) are indicated for the dendritic fields at 72 hr AEL and the corresponding positions are also indicated for 96 hr AEL. Scale bars
represent 30 mm.
(G) Quantification of changes of dendritic crossings in wild-type and fry1mutant animals during 72–96 hr AEL. At 72 hr AEL, dendritic crossings were identified as
either noncontacting (NC) or contacting (C). At 96 hr AEL, they either disappear (X) or remain as crossings (NC or C). In all images of dendritic fields, dendrites
attached to the ECM are in green and enclosed dendrites are in magenta.
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cases there was merging of fluorescent signals from two
dendrites (Figure 7A as one example), suggesting that direct72 Neuron 73, 64–78, January 12, 2012 ª2012 Elsevier Inc.dendro-dendritic contacts may have occurred preceding retrac-
tion or turning. Conversely, when two dendrites are located on
different planes, such as one attached to the ECM and the other
Neuron
Integrins Restrict Dendrites to 2D Spaceenclosed, the extending dendrite usually passes the other to
result in crossing (Figure 7C, 93.3%, n = 135). Similar dendrite
interactions were also observed in wild-type animals (Figure 7D).
These data show that fry mutant neurons have normal dendritic
repulsion and indicate that dendritic crossing in those tiling
mutants is caused by impaired confinement of dendritic growth
in a 2D space rather than defects in homotypic repulsion.
We next asked whether repulsions between contacting
dendrites induce dendrite enclosure over time and contribute
to the increase of noncontacting crossings in the fry mutant.
To address this question, we compared dendrite enclosure
and crossing of the same neurons at 72 hr and 96 hr AEL in fry
mutant animals. Most contacting crossings (97.5%, n = 121) dis-
appeared during the intervening 24 hr due to retraction of
dendrites (black arrows in Figures 7F and 7F0). Since retraction
is a normal exploratory behavior of class IV da dendrites, which
may occur in the absence of repulsion, we also analyzed the
dynamics of noncontacting crossings as a control. In contrast
to contacting crossings, more than half of noncontacting cross-
ings in fry1 (58.6%, n = 273) remained after 24 hr (blue arrow-
heads in Figures 7F and 7F0). Similar results were obtained
from wild-type animals (Figures 7E and 7E0). These data indicate
that the repulsive signal between contacting dendrites destabi-
lizes them.
Integrin Overexpression Rescues the Crossing
Phenotypes of Tiling Mutants
To ask whether forcing the dendrite growth onto the ECM would
rescue the crossing phenotypes in mutants of the TORC2/Trc
pathway, we first tested if overexpression of Mys and Mew can
restore the attachment of ddaC dendrites to the ECM in fry
and Sin1 mutants. Indeed, the enclosed dendrites at the dorsal
midline were brought back to the wild-type level in fry1/fry6
(1.08%, Figures 8A and 8C) and Sin1e03756 (1.43%, Figures 8B
and 8C) mutant animals when UAS-mys and UAS-mew were
coexpressed in class IV da neurons.
We next examined isoneuronal dendritic crossing in ddaC
neurons. Consistent with previous reports (Emoto et al., 2004;
Koike-Kumagai et al., 2009), both fry and Sin1 mutant larvae
showed higher frequency of dendritic crossing within the ddaC
dendritic field (Figures 8E, 8G, and 8I) than the wild-type (Figures
8D and 8I). The majority of these crossings do not involve direct
dendritic contacts (Figure 8J). Overexpression of Mys and Mew
in ddaC largely rescued the crossing defects (Figures 8F, 8H,
and 8I). The crossing dendrites contact each other at themajority
of the remaining few crossing points in the rescued animals
(Figure 8J).
Last, we tested if integrin overexpression can rescue the tiling
defects in fry and Sin1 mutants by examining the interface
between v0ada and vdaB neurons. fry1/fry6 larvae show exten-
sive overlap of v0ada and vdaB dendritic fields (Figure 8L), which
is also caused by noncontacting dendritic crossings (Figures 8P
and 8Q). Overexpression of Mys and Mew in class IV da neurons
completely rescued this phenotype (Figures 8M and 8P). We did
not observe a significant increase of heteroneuronal crossings in
Sin1e03756 mutant larvae at the v0ada/vdaB interface (Figures 8N
and 8P), but found a reduction of such crossings by overexpres-
sion of Mys and Mew (Figures 8O and 8P). It is worth noting thatalthough integrins rescued both isoneuronal and heteroneuronal
dendritic crossing in fry mutant animals, they did not appear to
rescue the overbranching phenotype (Figures 8F and 8M),
a defect associated with fry and trc that was shown to be inde-
pendent of the crossing phenotype (Emoto et al., 2004).
Taken together, our results indicate that tiling mutants of the
TORC2/Trc pathway cause dendritic crossings that result in
overlapping dendritic fields primarily by releasing dendrites
from their confinement to the 2D space specified by the ECM.
DISCUSSION
Self-avoidance and tiling are fundamental mechanisms govern-
ing the proper patterning of dendritic fields. Both mechanisms
involve homotypic repulsion of dendrites to ensure nonredundant
coverage of dendritic fields. In principle, such repulsion could
arise from contact-dependent repulsion and/or short-range
diffusible repulsive signals. For Drosophila class IV da neuron,
there is substantial evidence for the involvement of contact-
dependent dendritic repulsion (Hughes et al., 2007; Matthews
et al., 2007; Soba et al., 2007, this study). For the contact-depen-
dent dendritic repulsion to work with high fidelity, it is essential
that growing dendrites encounter each other reliably when they
enter a shared territory, which is only possible if they grow on
the same substrate in a restricted space such as a 2D sheet.
In this study we demonstrate the dendrites of class IV da
neuronsmostly grow between the basal surface of the epidermal
cells and the ECM secreted by the epidermis, which effectively
limits the dendrites to a 2D sheet. This restriction is imposed
by the interaction between neuronal integrins and epidermal
cell-derived laminins in the ECM. Loss of this interaction leads
to dendrites’ detachment from the ECMand increased enclosure
of dendrites by epidermal cells. As a result, the dendrites are no
longer restricted in a 2D space and can cross other dendrites
without direct dendro-dendritic contacts. Conversely, increasing
the adhesive force between dendrites and the ECM by supplying
more integrins to the dendrites eliminates enclosure of dendrites
in the epidermis.
The Role of TORC2/Trc Pathway in Limiting the Class IV
da Dendrites to a 2D Space
Previous studies revealed that class IV da neurons deficient for
components of the TORC2/Trc pathway display many more
‘‘dendritic crossings’’ (as viewed as projections onto the x-y
plane) between sister isoneuronal branches as well as between
branches of adjacent class IV da neurons (Emoto et al., 2004;
Koike-Kumagai et al., 2009), leading to the hypothesis that the
dendritic crossing phenotype is caused by a defect in the like-
repels-like mechanisms. However, the technical limitations of
those earlier studies in the resolution along the z axis precluded
the possibility to distinguish the dendritic crossings when two
dendrites are separated by a small distance along the z axis
from the cases in which the two dendrites actually make contact.
With improved capacity of high resolution imaging, we take into
consideration the 3D nature of the larval epidermis and demon-
strate that the crossing defects in those tiling mutants arise from
a substantial increase in noncontacting overlap of dendrites
located at different depths of the epidermal layer. In fact, bothNeuron 73, 64–78, January 12, 2012 ª2012 Elsevier Inc. 73
Figure 8. Integrin Overexpression Rescues Both Isoneuronal and Heteroneuronal Crossing Phenotypes in Tiling Mutants
(A and B) Dendrite enclosure of ddaC neurons overexpressing both UAS-mys and UAS-mew (UAS-integrins) driven by ppk-Gal4 in fry1/fry6 (A) and Sin1e03756 (B)
mutants at the dorsal midline. The dendrites attached to the ECM are in green and enclosed dendrites are in magenta. Scale bars represent 30 mm.
(C) Quantification of enclosed dendrites.
(D–H) Representative dendritic fields of ddaC neurons in wild-type, fry, and Sin1mutants without and with overexpression of UAS-mys and UAS-mew driven by
ppk-Gal4. Scale bars represent 30 mm.
(I–J) Quantification of crossings of ddaC dendrites, showing the number of dendritic crossings normalized to total dendritic length (I) and percentages of
contacting and noncontacting dendritic crossings (J).
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mutants of the TORC2/Trc pathway can be accounted for by
growth of dendrites in a 3D space instead of defective dendritic
repulsion. Importantly, forced dendrite attachment to the ECM in
thosemutants by integrin overexpression effectively restores the
nonredundant coverage of dendritic fields.
How do fry and trc promote dendrite attachment to the ECM?
One possibility is that fry and trc function upstream of integrins to
regulate integrin interaction with ECM. However, the rescue of
the fry phenotype by integrin overexpression suggests that in-
tegrin activation does not rely on Fry activity. Alternatively, fry
and trc may regulate other adhesion molecules in a pathway
parallel to integrin-mediated adhesion. A recent study has also
implicated turtle (tutl), a gene encoding a transmembrane Ig
protein, in preventing isoneuronal dendritic crossing of class IV
da neurons (Long et al., 2009). In light of our 3D analysis of
dendrite distribution, it remains to be determined whether tutl
is required for dendro-dendritic repulsion or proper attachment
of dendrites to the ECM.
Functional Significance of Integrin-Mediated
Dendrite-ECM Interaction
Integrin overexpression experiments suggest that the amount of
integrins on dendrites may be a limiting factor determining
whether a branch will be attached to the ECM or enclosed in
the epidermis. Interestingly, wild-type neurons have a small
percentage of dendrites enclosed in the epidermis. The degree
of dendrite enclosure appears to roughly correlate with the loca-
tion of the dendritic field along the dorsal/ventral axis of the body
wall. This raises the question whether a certain level of dendrite
enclosure is desirable for the function of class IV da neurons.
These neurons may fine-tune the degree of dendrite enclosure
through controlled integrin expression to achieve the most effi-
cient sensing of certain sensory inputs such as mechanical
stimuli. The physiological significance of dendrite enclosure
awaits future studies.
Comparison with Tiling in Other Nervous Systems
The crossing defects of integrin and Sin1/fry/trcmutant neurons
illustrate the importance of spatial restriction for a tiling system
based on homotypic repulsion. For neurons normally tiling
a 2D territory, without spatial restraints, repulsion would drive
homologous dendrites to disperse into a 3D space with poten-
tially considerable overlap of dendritic coverage in a given
receptive field. In the case of Drosophila class IV da neurons,
the restricted space is a 2D sheet between the basal surface of
epidermal cells and the ECM. As highlighted by our study, tiling
requires high precision in this spatial restriction: a slight deviation
of dendrites from this 2D space is sufficient to circumvent homo-
typic repulsion and cause overlap of dendritic fields.
What about other tiling systems? One vertebrate tiling system
that has some similarity with the Drosophila class IV da neurons(K–O) Dendritic patterns at the interface between v0ada (green) and vdaB (mage
expression of UAS-mys and UAS-mew driven by ppk-Gal4. Scale bars represen
(P–Q) Quantification of heteroneuronal crossings between v0ada and vdaB dendrit
vdaB interface (P) and percentages of contacting and noncontacting dendritic c
analysis of variance and Bonferroni test for selected pairs of columns.is the fish somatosensory neurons, which innervate the skin with
axon arbors (Sagasti et al., 2005). Like the dendrites of class IV
da neurons, these peripheral axons exhibit contact-dependent
repulsion and expansion after ablation of adjacent neurons. It
will be interesting to determine whether the processes of these
sensory neurons are restricted to a 2D layer within the skin and
whether the interaction of those neurites with ECM or skin cells
are important for their tiling.
The vertebrate retina is a classical system for studying
neuronal tiling. Certain types of retinal ganglion cells (RGCs)
and amacrine cells perfectly tile the retina in the x-y plane. Abla-
tion studies suggest that dendro-dendritic repulsion exists
between dendrites of neighboring RGCs (Perry and Linden,
1982). The dendrites of RGCs and amacrine cells innervate
various layers of retinal inner plexiform in a neuronal type-
specific manner (Dacey et al., 2003; Kolb et al., 1992; Mariani,
1990). It will be intriguing to find out whether the dendrites of
a given type of ganglion cells or amacrine cells that tile are
indeed restricted to a molecularly defined 2D layer(s) in the inner
plexiform, and, if so, whether interactions between cell adhesion
molecules and the ECM contribute to the restricted dendritic
distribution and tiling.
Theoretically, spatial restraints should be a general prerequi-
site for homotypic repulsion, which may or may not be limited
to 2D. Tiling of neuritic fields could conceivably be established
by homotypic repulsion in restricted 3D spaces, such as
columnar tiling of the transient neurites of murine retinal hori-
zontal cells during postnatal development (Huckfeldt et al.,
2009). However, besides spatial restraints, there could be addi-
tional mechanisms to enhance the effectiveness of homotypic
repulsion in partitioning 3D neuritic fields. One potential mecha-
nism is to have more homologous neurites within a given space,
which would increase the possibility of neurite encounter and
repulsion. Homotypic interaction could also be enhanced by
dynamic behaviors of neurites, such as constant exploratory
behaviors and rapid retraction upon contact. These properties
of neurites may help to maintain dynamic boundaries between
neuritic fields of like neurons. Lastly, if homotypic repulsion
also involves short-range diffusible molecules, such signals
secreted by the arbor of a neuron may create a 3D pocket inac-
cessible to the neurites of like neurons.
Mechanisms of Spatial Restriction
Integrin-ECM interaction plays a critical role in restricting class IV
da dendrites to a 2D space. Similar neurite-ECM interactions
may be at work to create spatial restraints in other neuronal
systems that display homotypic repulsion. However, Drosophila
class IV da neurons are sensory neurons that receive sensory
rather than synaptic inputs, and thus may bear significant differ-
ence in the patterning of dendritic fields from neurons in the
central nervous system (CNS). It is conceivable that CNS
neurons may employ alternative or additional mechanismsnta) dendritic fields in wild-type and fry, Sin1 mutants without and with over-
t 30 mm.
es, showing the number of dendritic crossings normalized to thewidth of v0ada-
rossings (Q). The error bars represent SD (C, I, and P). ***p < 0.001, one-way
Neuron 73, 64–78, January 12, 2012 ª2012 Elsevier Inc. 75
Neuron
Integrins Restrict Dendrites to 2D Spacethan neurite-ECM interaction to create spatial restriction. One
mechanism may be the interaction between pre- and postsyn-
aptic partners. For example, homophilic interactions mediated
by Ig domain-containing adhesion molecules between pre-
and postsynaptic partners are critical for restricting dendrites
of some RGCs and amacrine cells to specific sublaminae of
the inner plexiform layer (Fuerst et al., 2010; Yamagata and
Sanes, 2008, 2010; Yamagata et al., 2002). Another example is
cerebellar Purkinje cells, which align complex dendritic arbors
in sagittal planes and show minimal overlap between sister
dendrites; thismonoplanar arrangement of arborization depends
on afferent inputs from climbing fiber axons (Kaneko et al., 2011).
Neurite growth could also be constrained by the availability of
growth promoting or inhibiting, or guidance factors, which may
only be present on certain substrates or in limited spaces.
Conclusions
Together with previous studies demonstrating the existence of
homotypic repulsion between class IV da dendrites, our study
provides amore complete view of tiling by revealing the essential
role of spatial constraints to ensure such dendritic interaction.
On the one hand, tiling involves recognition and repulsion of
homologous dendrites through as yet unidentified molecular
pathway(s); on the other, it critically relies on spatial confinement
of dendrites imposed by the cell adhesion machinery to facilitate
interactions among dendrites encroaching on overlapping
territories.
EXPERIMENTAL PROCEDURES
Fly Stocks
mys1 (Bunch et al., 1992), mewM6 (Brower et al., 1995), UAS-bPS (UAS-mys)
(Beumer et al., 1999), UAS-aPS1(UAS-mew) (Martin-Bermudo et al., 1997),
wb09437(Martin et al., 1999), LanA9-32 (Henchcliffe et al., 1993) trc1 (Geng
et al., 2000), fry1(Cong et al., 2001), fry6 (Emoto et al., 2004),Dscam21 (Hummel
et al., 2003), DscamB17-1 (Wang et al., 2004), Sin1e03756 (Hietakangas and Co-
hen, 2007), Gal421-7 (Song et al., 2007), UAS-EGFP (Halfon et al., 2002), and
UAS-CD4-tdTom (Han et al., 2011) have been described previously. Df(3L)
BSC445 and LanB2MB04039 were obtained from Bloomington Stock Center.
UAS-mys-RNAi (v29619), UAS-mew-RNAi (v44890), UAS-wb-RNAi (v3141),
and UAS-Dcr-2 (Dietzl et al., 2007) were obtained from Vienna Drosophila
RNAi Center (VDRC). vkg-GFPG00205 (Morin et al., 2001) was obtained from
FlyTrap (Kelso et al., 2004). For imaging class IV da dendrites, we used either
CD4-tdTom (Han et al., 2011) or spGFP11-CD4-tdTom driven by a ppk
enhancer (Grueber et al., 2003). spGFP11-CD4-tdTom is otherwise the same
as CD4-tdTom except for the use of a synthetic signal peptide and the small
split-GFP fragment (Feinberg et al., 2008) before CD4 and the lack of an ER
exit signal from Kir2.1. Both ppk-CD4-tdTom and ppk-spGFP11-CD4-tdTom
were constructed in pHemmar, a dual-platform transgenic vector that endows
high expression in theDrosophila nervous system (Han et al., 2011). ppk-CD4-
tdTom and ppk-spGFP11-CD4-tdTom behave similarly in labeling class IV da
dendrites and both are referred to as ppk-CD4-tdTom in the text.
Molecular Cloning
To make the more specific and stronger ppk-Gal4 than one described previ-
ously (Grueber et al., 2007), pDEST-Hemmar (Han et al., 2011) was modified
to make pDEST-APIGH, a Gal4-coding destination vector to be driven by any
enhancer. The ppk enhancer was then cloned into pDEST-APIGH by Gateway
cloning (Invitrogen). TomakeUAS-HRP-DsRed-GPI, a HRP-DsRed-GPI fusion
gene was assembled in pCS2 vector by sequential restriction cloning to
contain, from 50 to 30, the signal peptide sequence of wingless (AA1-AA37),
HRP cDNA, DsRedT1 cDNA (Clontech), GPI sequence of dally-like (AA695-76 Neuron 73, 64–78, January 12, 2012 ª2012 Elsevier Inc.AA765). The HRP-DsRed-GPI fragment was then cloned into pUAST (Brand
and Perrimon, 1993) between EcoRI and XbaI. Transgenic animals were ob-
tained via P-element-mediated transformation with a standard protocol.
MARCM Analysis
MARCM analyses of mys and mew were performed as described previously
(Grueber et al., 2002).mys1 FRT19A/FM7c ormewM6 FRT19A/FM7c female flies
were crossed with tub-Gal80 FRT19A; hs-Flp Gal4109(2)80 UAS-mCD8-GFP to
generate marked neurons mutant for mys or mew, respectively. Embryos
were collected for 2 hr and allowed to develop for 3hr at 25C, then heat-
shocked for 1 hr at 38C. Heat-shocked embryos were then reared on grape
agar plates at 25C until the time of living imaging at 96 hr AEL.
RNAi
RNAi knock-down of mys and mew in da neurons were carried out with driver
Gal421-7 UAS-Dcr-2. Knock-down ofwb in the larval epidermis was carried out
with driver UAS-Dcr-2; hh-Gal4 UAS-EGFP. UAS-EGFP was used to label
epidermal cells that express the RNAi constructs. The effectiveness of
UAS-mew-RNAi and UAS-wb-RNAi in the wing was tested with UAS-Dcr-2;
hh-Gal4 UAS-EGFP. As cross between UAS-mys-RNAi and UAS-Dcr-2;
hh-Gal4 UAS-EGFP produces progeny dying at early larval stages, knock-
down by UAS-mys-RNAi was tested with a wing-specific Gal4, MS1096
(Lunde et al., 1998).
Live Imaging
Animals were reared at 25C in density-controlled vials. The vials containing
the first batch of embryos were discarded as the dendritic morphology of da
neurons is less consistent in those animals. Third instar larvae at 96 hr AEL
(unless specified otherwise) were mounted in halo carbon oil and confocal
images of class IV da dendrites were collected with a Leica SP5 laser scanning
microscope. For high-resolution imaging on the z axis, the larvae were lightly
anesthetized with isoflurane before mounting. Image stacks with a z step
size between 0.16–0.2 mm were acquired with a 403 1.25 NA oil lens. For
quantification of dendritic phenotypes, eight to ten image stacks were
collected from class IV da neurons in A2–A3 segments for every genotype.
For short-term time-lapse imaging of dendritic dynamics, the larvae were
mounted in a imaging chamber constructed with a thin aluminum slide with
a hole in the middle. The bottom of the hole was covered with an oxygen-
permeable membrane (model 5793; YSI). The larvae were mounted on the
membrane in halo carbon oil.
Image Analysis
Confocal image stacks were deconvoluted with Autoquant (MediaCyber-
netics) and analyzed in Imaris (Bitplane). Detailed methods for image analysis
and quantification are described in Supplemental Experimental Procedures.
Immunohistochemistry
Antibodies used in this study are mouse anti-Mys (1:50, CF.6G11, DSHB),
mouse anti-Mew (1:10, DK.1A4, DSHB), rabbit anti-DsRed (1:200, Clontech).
Secondary antibodies conjugated toDyLight dyes (Jackson ImmunoResearch)
were used at 1:400 dilution. Immunostaining of Drosophila larvae was per-
formed as described (Grueber et al., 2002). Briefly, third instar larvae were
dissected in cold PBS, fixed in 4% formaldehyde/PBS for 20 min at room
temperature (RT), and stained with the proper primary antibodies and subse-
quent secondary antibodies, each for 2 hr at room temperature.
TEM
Detailed methods for TEM are described in Supplemental Experimental
Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes three figures, Supplemental Experimental
Procedures, and five movies and can be found with this article online at
doi:10.1016/j.neuron.2011.10.036.
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